Introduction {#s001}
============

Traumatic brain injury (TBI) contributes to almost one third of all trauma-related deaths. Surviving patients often suffer from lifelong physical and cognitive deficits, with devastating consequences for the patients and their families.^[@B1],[@B2]^ One year after being hospitalized for TBI, almost half of the patients have a disability related to the initial injury.^[@B3]^ TBI also puts a strain on society as a whole, attributed to the required long-term medical care and rehabilitation, incurring a financial burden on the global economy that has been estimated to be approximately \$400 billion annually.^[@B4]^

From a pathophysiological perspective, TBI may be considered as a biphasic injury, consisting of a primary structural injury, followed by a secondary injury cascade that may continue for days or weeks after the primary insult. The opening of the mitochondrial permeability transition pore (mPTP) has been suggested to be an important pathophysiological mechanism associated with the secondary injury cascade.^[@B5]^ Under physiological conditions, the mPTP is closed, but as a result of the injury, the mitochondria may undergo permeability transition with detrimental effects to the cell.^[@B8]^ Ciclosporin (cyclosporine, cyclosporin A) has shown promising neuroprotective properties in more than 20 independent experimental *in vivo* studies of TBI.^[@B12]^ Ciclosporin is thought to possess neuroprotective properties through inhibition of the cyclophilin D--dependent activation of the mPTP and limiting the secondary injury cascade.^[@B6],[@B7],[@B15]^

Three clinical phase IIa studies have already been completed with ciclosporin in TBI, indicating safety in this patient population.^[@B19]^ Patients who received ciclosporin at doses up to 5 mg/kg/day within 8--12 h of injury had a similar mortality rate and adverse events as in the placebo group. The number of patients studied was too small to exclude the possibility of adverse events attributed to ciclosporin administration. In one of the studies, there was a trend toward improved outcome in the higher dosage cohorts as compared to the low, subtherapeutic dosage cohorts assessed at 6 months, using the Glasgow Outcome Scale-Extended (GOSE-E).^[@B20]^

NeuroSTAT^®^ is a novel lipid emulsion of ciclosporin not containing the potentially harmful Kolliphor^®^ EL solubilizer (previously named Cremophor^®^ EL).^[@B24]^ This novel formulation has also been shown to be safe in other patient populations.^[@B25],[@B26]^ Further, it was recently shown, in a porcine contusion injury model, that NeuroSTAT is able to reduce the volume of parenchymal injury by 35%, as well as improve markers of neuronal injury and metabolism.^[@B27]^

Based on the promising pre-clinical and clinical data, a phase IIa safety and pharmacokinetics (PK) study of NeuroSTAT in severe TBI patients was initiated. The primary objective was to establish safety and characterize the PK profile of two dosing regimens of ciclosporin in severe TBI patients. The present study uses a higher dosing group and longer duration of treatment than in previous trials. As exploratory pharmacodynamic study objectives, focusing on the secondary injury cascade, microdialysis in brain parenchyma and protein biomarkers of brain injury in the cerebrospinal fluid (CSF) were measured.

Methods {#s002}
=======

Study design and conduct {#s003}
------------------------

The Copenhagen Head Injury Ciclosporin (CHIC) study was an open-label, uncontrolled, single-center, phase II study to investigate the PK and safety of two dose levels of NeuroSTAT in patients with severe TBI. The study was conducted in accord with applicable regulatory requirements, the principles of International Council for Harmonisation--E6 Good Clinical Practice, and the Declaration of Helsinki. Patients included in this study were temporarily incapacitated because of impaired consciousness, and the informed consent process was designed accordingly based on local regulations for emergency research. Consent was obtained for study patients in accord with this procedure.

Permits were obtained from the national ethics committee and the regulatory authority (Danish Medicinal Agency). The study was registered with EudraCT number 2012-000756-34 and at [ClinicalTrials.gov](ClinicalTrials.gov) as NCT01825044. The study was performed at the Department of Neurosurgery, Rigshospitalet, Copenhagen University Hospital, Denmark between June 2013 and May 2017. The study had planned to include 20 patients, but was closed after inclusion of total 16 patients because of slow recruitment. The study started with the lower dose level for the first 10 patients and then was completed with 6 patients at the higher dose. Safety oversight of the study was under the direction of an independent data safety monitoring board that approved dose escalation to the higher dose level.

Study patients and procedures {#s004}
-----------------------------

Pre-screening of potential study patients was conducted at the neuro-intensive care unit (neuro-ICU). After obtaining informed consent, 16 patients were screened and subsequently enrolled after clinical stabilization ([Fig. 1](#f1){ref-type="fig"}). Thereafter, patients received a 2.5-mg/kg bolus dose infusion of ciclosporin, followed by either 5 or 10 mg/kg/day of ciclosporin as a continuous infusion for 5 days. The study procedures included 3 additional days of study-specific monitoring in the neuro-ICU after the termination of the study treatment. After an additional 30 days, a follow-up phone call was made to the patient, or the patient\'s nursing staff, checking patient status and potential serious (SAEs) adverse events (AEs).

![Patient disposition. A total of 16 patients were screened. All 16 patients received the investigational medicinal product (IMP). Ten patients received ciclosporin at a dose of 5 mg/kg/day, and 6 patients received ciclosporin at a dose of 10 mg/kg/day for 5 days after an initial loading dose of 2.5 mg/kg. Study treatment was discontinued prematurely in 1 patient in the 10-mg/kg/day cohort, but study measurements continued throughout the study according to the investigational plan.](fig-1){#f1}

The studied patient population included patients with non-penetrating severe TBI with a Glasgow Coma Scale (GCS) score of 4--8. Only patients who required admission to the ICU and had a clinical indication for the placement of an external ventricular drainage (EVD) were eligible for enrollment in the study. Patients with bilaterally fixed dilated pupils, spinal cord injury, or pure epidural hematoma were not included in the study. A medical history of hepatic or renal disease were also among the exclusion criteria. Inclusion and exclusion criteria are listed in [Table 1](#T1){ref-type="table"}.

###### 

Study Inclusion and Exclusion Criteria

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  *Inclusion criteria*
  • Male or female patients, age between 18 and 75 years, inclusive
  • Requirement for intensive care unit admission and clinical indication for external ventricular drainage and intracranial pressure monitoring
  • Evidence of non-penetrating severe traumatic brain injury (TBI), confirmed by history and abnormalities consistent with a non-penetrating trauma on computerized tomography scan upon admission
  • Clinical examination with post-resuscitation Glasgow Coma Scale of 4--8, inclusive
  *Exclusion criteria*
  • Bilaterally fixed dilated pupils
  • Penetrating TBI
  • Spinal cord injury
  • Pure epidural hematoma
  • Currently developed, known, or a medical history of renal disorder, significant renal failure, or high-risk renal failure
  • Known or a medical history of hepatic disease
  • Ongoing pre-injury therapy with any of these drugs: rosuvastatin, tacrolimus, *Hypericum perforatum* (St. John\'s wort; a herbal dietary supplement), stiripentol, aliskiren, bosentan, diltiazem, verapamil, and antiepileptics
  • Participation in other clinical trials
  • Any significant disease or disorder, including abnormal laboratory tests, which, in the opinion of the investigator, may either put the patient at risk because of participation in the study or may influence the results of the study
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Study endpoints {#s005}
---------------

The primary study objective was to establish safety and characterize the PK profile of two dosing regimens of ciclosporin in a severe TBI population. The primary endpoints were related to PK parameters based on ciclosporin levels in blood, as well as specific safety endpoints that included markers of renal and liver function, intracranial pressure (ICP) monitoring, assessment of infections, and AEs. The secondary endpoints were related to PK parameters based on ciclosporin levels in CSF, as well as further evaluation of safety.

The safety variables included markers of renal function based on blood samples (plasma creatinine, plasma cystatin c and blood urea nitrogen), markers of hepatic function based on blood samples (prothrombin time, aspartate transaminase \[AST\], alanine transaminase \[ALT\], and bilirubin), assessment of infections, intracranial pressure, electrocardiogram abnormalities, safety biomarkers for renal function in urine, vital signs, and physical findings (mean arterial pressure, heart rate, body temperature, cerebral perfusion pressure, GCS, pupil size, and pupil response).

The study also included exploratory efficacy endpoints with assessment of biomarkers of brain injury, measured using microdialysis in the more and less traumatized side, brain tissue oxygen measured through a Licox^®^ catheter, as well as CSF biomarkers of brain injury; glial fibrillary acidic protein (GFAP), neurofilament light (NF-L), tau, and ubiquitin carboxy-terminal hydrolase L1 (UCH-L1). Microdialysis was measured using the M Dialysis ISCUSflex Microdialysis Analyzer (M Dialysis AB, Johanneshov, Sweden). CSF biomarkers were analyzed using a Quanterix SIMOA Neurology 4-plex assay (Quanterix Corporation, Billerica, MA).^[@B28]^

Statistical analyses {#s006}
--------------------

The details of the statistical analyses were predefined in a detailed statistical analysis plan.

The PK analysis was described using a population PK approach performed in the non-linear mixed-effect modeling software, NONMEM (Version 7.3; ICON, Dublin, Ireland). The software R (R Foundation for Statistical Computing, Vienna, Austria) was used for goodness-of-fit analyses, model evaluation, and computation of C~av,ss~ and t~1/2~ based on results from NONMEM. The remaining data were analyzed and presented using the SAS software (SAS Institute Inc., Cary, NC).

The CSF biomarker data were defined as an exploratory endpoint in the statistical analysis plan without pre-defining the method of statistical analysis. The analysis was, because of the small sample size, performed using the non-parametric Wilcoxon signed-rank test to compare the slopes during (48--120 h after infusion start) and post-treatment (120--168 h after infusion start).

Results {#s007}
=======

Patient characteristics {#s008}
-----------------------

Characteristics of the enrolled patients at baseline are outlined in [Table 2](#T2){ref-type="table"}. The 5-mg group had a median GCS of 6 (range, 4--7), and the higher dose had a median GCS of 5 (range, 4--7). The TBI phenotype had the following distribution: 7 patients had a combination of acute subdural hematoma (ASDH) and contusional injury, 4 patients were judged to have predominantly diffuse axonal injury (DAI) with no mass lesion, 2 patients had contusional injury, 2 patients had a combination of contusional injury and traumatic subarachnoid hemorrhage (TSAH), and 1 patient had ASDH. Overall, 75% of the patients were men. Mean age was 34.5 years (range, 19--58) in the 5-mg/kg/day group and 37.3 years (range, 19--55) in the 10-mg/kg/day group. Mean weight was 79.3 kg (range, 60--105) in the 5-mg/kg/day group and 78.6 kg (range, 60--100) in the 10-mg/kg/day group.

###### 

Patient Baseline Characteristics

  *Patient identifier*   *Treatment arm (mg)*   *Sex/age*   *Weight*   *TBI phenotype*   *More affected hemisphere*   *Craniectomy (Y/N)*   *GCS*   *Injury to first dose (hours)*
  ---------------------- ---------------------- ----------- ---------- ----------------- ---------------------------- --------------------- ------- --------------------------------
  1                      5                      M/31        80         ASDH, contusion   Left                         Y                     6       37
  2                      5                      M/21        90         ASDH, contusion   Left                         Y                     4       53
  3                      5                      F/43        68         ASDH              Right                        N                     4       44
  4                      5                      F/19        60         DAI               Right                        N                     6       43
  5                      5                      F/58        70         Contusion         Left                         Y                     6       35
  6                      5                      M/51        80         DAI               Right                        N                     6       54
  7                      5                      M/28        105        ASDH, contusion   Left                         Y                     6       ---
  8                      5                      M/49        90         ASDH, contusion   Left                         Y                     6       37
  9                      5                      M/23        75         Contusion, TSAH   Left                         N                     7       26
  10                     5                      M/22        75         ASDH, contusion   Right                        Y                     6       21
  11                     10                     F/46        60         ASDH, contusion   Left                         Y                     7       22
  12                     10                     M/47        85         Contusion, TSAH   Right                        N                     5       28
  13                     10                     M/55        70         Contusion         Left                         Y                     6       20
  14                     10                     M/23        80         DAI               Left                         N                     4       21
  15                     10                     M/34        100        DAI               Right                        N                     5       64
  16                     10                     M/19        76.5       ASDH, contusion   Right                        Y                     4       36

Treatment arm: ciclosporin/kg/day.

TBI, traumatic brain injury; ASDH, acute subdural hematoma; DAI, diffuse axonal injury; TSAH, traumatic subarachnoid hemorrhage; GCS, Glasgow Coma Scale.

Safety {#s009}
------

No deaths were registered in the study. This is a patient category that is prone to AEs as part of their natural history, and a total of 8 patients (80%) in the 5-mg/kg/day group and 6 patients (100%) in the 10-mg/kg/day group reported at least one AE before the start of investigational medical product (IMP) administration. All patients in both dose groups had at least one AE at some point during the study. Compared to the 5-mg/kg/day group, a higher percentage of patients in the 10-mg/kg/day group had at least one AE assessed as related to study drug (83% vs. 40%).

Twenty-one AEs that occurred after initiation of IMP administration were categorized as related to the medical product: 8 in the 5-mg/kg/day group and 13 in the 10-mg/kg/day group. All AEs that occurred during the treatment/follow-up period in the 5-mg/kg/day group were graded as mild or moderate. Seven unique AEs that occurred during the treatment/follow-up period in the 10-mg/kg/day group were graded as severe. The most frequent unique AEs (those occurring in at least 25% of patients) were constipation, impaired gastric emptying, decrease in blood phosphorus, pneumonia, decrease in blood zinc, oliguria, increase in cystatin C, increase in ICP, increase in blood bilirubin, increase in blood urea, and abnormal pupillary light reflex tests.

Blood creatinine increase and cystatin C increase were recorded as AEs in patients in both dose groups. Three events of increased blood creatinine and five events of increased cystatin C were assessed as possibly related to study drug. Graphical analysis of safety laboratory parameters showed no clear differences between the dose groups, with the notable exception of plasma bilirubin, which showed reversible time- and dose-dependent elevation during study drug administration. Hyperbilirubinemia was more common and more prominent during IMP administration in the 10-mg/kg/day group compared to the 5-mg/kg/day group. Safety laboratory values presented are in [Table 3](#T3){ref-type="table"}. There were five events of oliguria, two of which were assessed as possibly related to study drug. All events of oliguria occurred in patients in the 10-mg/kg/day group. No clear time trends were observed in mean values for body temperature and systolic and diastolic blood pressure, and no obvious differences in vital signs were observed between the dose groups. Further, ciclosporin did not seem to have an impact on ICP.

###### 

Safety Laboratory Values

  *Visit day*                *ALT median (min, max)*   *AST median (min, max)*   *Bilirubin median (min, max)*   *INR median (min, max)*   *Creatinine median (min, max)*   *BUN median (min, max)*
  -------------------------- ------------------------- ------------------------- ------------------------------- ------------------------- -------------------------------- -------------------------
  Ciclosporin 5 mg/kg/day                                                                                                                                                    
  Baseline                   89.0 (14, 252)            143.0 (27, 264)           8.0 (3, 14)                     1.15 (1.0, 1.5)           62.0 (52, 84)                    2.70 (2.1, 4.6)
  Treatment day 1            41.0 (16, 215)            42.0 (24, 190)            11.0 (5, 34)                    1.30 (1.1, 1.5)           68.0 (49, 119)                   3.10 (1.5, 5.2)
  Treatment day 2            36.0 (15, 261)            31.5 (24, 245)            14.5 (4, 31)                    1.20 (1.1, 1.3)           69.5 (53, 163)                   4.05 (2.5, 7.4)
  Treatment day 3            46.5 (17, 224)            35.5 (17, 184)            16.0 (4, 48)                    1.20 (1.1, 1.3)           70.5 (56, 215)                   5.40 (3.3, 9.0)
  Treatment day 4            48.5 (22, 171)            51.5 (25, 151)            20.0 (3, 42)                    1.20 (1.1, 1.4)           70.5 (54, 277)                   6.95 (3.8, 13.1)
  Treatment day 5            67.0 (24, 165)            73.0 (37, 123)            15.0 (4, 42)                    1.10 (1.0, 1.2)           67.5 (53, 258)                   8.65 (5.3, 18.1)
  Monitoring day 1           61.5 (26, 145)            55.5 (32, 134)            13.5 (3, 35)                    1.10 (1.0, 1.1)           65.0 (50, 250)                   9.40 (6.6, 21.4)
  Monitoring day 2           64.0 (30, 183)            66.5 (35, 162)            10.0 (3, 23)                    1.00 (1.0, 1.2)           54.5 (45, 186)                   7.40 (4.6, 16.7)
  Monitoring day 3           69.0 (28, 159)            54.5 (26, 163)            8.0 (4, 19)                     1.00 (0.9, 1.1)           53.5 (37, 108)                   5.95 (4.3, 9.4)
  Ciclosporin 10 mg/kg/day                                                                                                                                                   
  Baseline                   32.0 (18, 83)             50.0 (22, 89)             4.5 (3, 22)                     1.15 (1.0, 1.5)           69.0 (38, 108)                   4.10 (2.0, 10.9)
  Treatment day 1            28.0 (17, 47)             37.0 (32, 75)             11.5 (7, 24)                    1.15 (1.1, 1.4)           72.0 (54, 100)                   3.80 (2.5, 7.4)
  Treatment day 2            26.0 (15, 43)             43.0 (30, 76)             17.5 (8, 36)                    1.15 (1.0, 1.6)           80.0 (61, 104)                   5.10 (2.8, 9.5)
  Treatment day 3            41.0 (15, 63)             64.5 (42, 109)            23.5 (9, 101)                   1.25 (1.0, 1.5)           80.5 (52, 192)                   8.00 (5.4, 9.9)
  Treatment day 4            43.0 (21, 81)             46.0 (28, 99)             51.0 (8, 106)                   1.20 (0.9, 1.4)           104.5 (51, 296)                  11.00 (6.9, 12.3)
  Treatment day 5            35.0 (21, 78)             58.0 (20, 128)            47.0 (6, 117)                   1.20 (0.9, 1.3)           92.0 (47, 267)                   11.90 (7.2, 15.9)
  Monitoring day 1           34.0 (16, 78)             50.0 (16, 79)             55.0 (4, 70)                    1.10 (0.9, 1.3)           105.0 (39, 424)                  15.95 (7.4, 24.6)
  Monitoring day 2           58.0 (26, 110)            64.0 (33, 124)            24.5 (3, 36)                    1.10 (1.0, 1.2)           90.0 (40, 327)                   13.60 (7.2, 22.6)
  Monitoring day 3           66.5 (23, 128)            56.0 (29, 147)            16.5 (4, 28)                    1.00 (1.0, 1.0)           65.5 (38, 350)                   10.20 (6.6, 27.2)

ALT, alanine transaminase; AST, aspartate transaminase; INR, international normalized ratio; BUN, blood urea nitrogen.

One patient in the 10-mg/kg/day group suffered from acute renal tubular necrosis (ATN) 3 days after initiation of treatment, which was determined to be an SAE. The patient developed a septic shock simultaneously with the ATN. A pneumonia was diagnosed and *Escherichia coli* was later verified in sputum cultures. Administration of the IMP was discontinued; the patient was treated with acute hemodialysis and eventually recovered. The concurrent sepsis was judged to be the most likely cause of the ATN. The biochemical signs of ATN followed the increasing C-reactive protein, and not ciclosporin concentration. However, a link to ciclosporin infusion could not be excluded.

Pharmacokinetic parameters {#s010}
--------------------------

The graphical analysis of blood ciclosporin concentration time profiles illustrates that all patients had detectable ciclosporin concentrations. The concentrations decreased rapidly after completing the intravenous (i.v.) bolus dose and relatively stable concentrations were obtained from about 24 h after the initiation of treatment until the end of the infusion ([Fig. 2A](#f2){ref-type="fig"}). Between- and within-patient variability in blood ciclosporin concentrations was limited. The ciclosporin concentrations decreased in a multi-exponential manner after the end of the infusion, and there appeared to be substantial between-patient variability in the rate of the elimination of ciclosporin. There were no signs of deviations from dose proportionality and no clear differences between patients with DAI (no mass lesion) and patients with the other TBI phenotypes.

![Observed (**A**) blood and (**B**) CSF concentrations of ciclosporin over time, stratified by the dose group. Each point represents the data for one patient and the points are connected with lines. In (A) the points and lines are colored by patient for blood ciclosporin concentrations. CSF samples with suspected blood contamination were discarded from analysis. In (B) the points and lines colored green represent clear CSF samples and those in yellow represent samples with minor blood contamination. Data sets are shown on semi-logarithmic scales. CSF, cerebrospinal fluid.](fig-2){#f2}

The graphical analysis of CSF ciclosporin concentration-time profiles illustrates that all patients had detectable ciclosporin concentrations. There was substantial between-patient variability in the time to C~max~ (maximum drug concentration) that is, T~max~ (time to maximum concentration following drug administration), where C~max~ was observed at the end of the bolus dose in 1 patient and within the first few hours after the bolus dose in other patients, and in some patients, the CSF concentration increased for several days ([Fig. 2B](#f2){ref-type="fig"}). CSF T~max~ was, in general, much later than the end of the bolus infusion, possibly indicating a slow absorption into the CSF. In general, the CSF ciclosporin concentrations were more variable than blood concentrations. However, in those patients with relatively low random noise in the data and a sufficient number of CSF observations, it appears as if the PK profiles in blood and CSF were similar after the constant infusion was stopped. This is an indication of formation-rate--limited PK in CSF, meaning that the terminal t~½~ (elimination half-life) in CSF is determined by the t~½~ in blood.

We developed population PK models to describe the PK characteristics of ciclosporin in blood ([Fig. 3A](#f3){ref-type="fig"}) and CSF ([Fig. 3B](#f3){ref-type="fig"}), and based on these models, individual PK variables for the patients were derived. The PK characteristics of ciclosporin in blood were well described by a three-compartment disposition model with first-order elimination from the central compartment. The means of the individual predicted C~av,ss~ (steady-state drug concentration) values were 665 and 1320 ng/mL in the 5- and 10-mg/kg/day groups, respectively, indicating a proportional dose to C~av,ss~ relationship in blood. Mean AUC~0-t~ (area under the concentration curve) was 82.5 mg·h/L in the 5-mg/kg/day group and 146 mg·h/L in the 10-mg/kg/day group. Values for t~½~, CL (total clearance), C~max~, and T~max~ were similar for both dose groups. Overall mean values for all patients were 44.4 h for t~½~, 24.4 L/h for CL, and 4600 ng/mL for C~max~. Median (range) T~max~ for all patients was 0.258 h (0.250--0.417; [Table 4](#T4){ref-type="table"}).

![Visual predictive check of ciclosporin concentrations, for the pharmacokinetic model in blood (**A**) and CSF (**B**). The population pharmacokinetic model for ciclosporin in blood was a three-compartment model with first-order elimination from the central compartment. The model for ciclosporin in CSF was a one-compartment model with first-order absorption and first-order elimination from the CSF compartment. The ciclosporin concentrations are displayed versus time after dose, on semilogarithmic scales. The solid and dashed red lines represent the median and 5th and 95th percentiles of the observations. The ciclosporin concentrations were normalized by the dose to allow evaluation of both the 5- and 10-mg/kg dose arms in this figure; the shaded red and blue areas represent the 95% confidence interval of the median and 5th and 95th percentiles predicted by the model. CI, confidence interval; CSF, cerebrospinal fluid.](fig-3){#f3}

###### 

PK Parameters for Ciclosporin in Blood and CSF

                      *Blood*                *CSF*                                      
  ------------------- ---------------------- ---------------------- ------------------- -------------------
  CL (L/h)                                                                               
  Mean (SD)           24.3 (5.82)            24.6(4.52)             6.40 (7.38)         5.71 (2.06)
  C~av,ss~ (ng/mL)                                                                       
  Mean (SD)           665 (117)              1 320 (279)            2.50 (0.670)        3.54 (2.07)
  C~max~ (ng/mL)                                                                         
  Mean (SD)           4 420 (2 350)          4 930 (511)            6.32 (5.94)         6.30 (6.59)
  T~max~ (h)                                                                             
  Median (min, max)   0.250 (0.250, 0.417)   0.308 (0.250, 0.417)   8.02 (0.883, 121)   24.2 (2.33, 95.8)
  AUC~0-t~ (mg·h/L)                                                                      
  Mean (SD)           82.5 (12.6)            146 (29.2)             0.301 (0.0371)      0.431 (0.254)
  t~½~ (h)                                                                               
  Mean (SD)           43.5 (11.3)            46.0 (8.06)            43.2 (11.6)         45.7 (8.83)

PK, pharmacokinetics; CSF, cerebrospinal fluid; CL, total clearance; SD, standard deviation; C~av,ss~, steady-state drug concentration; C~max~, maximum drug concentration; T~max~, time to maximum concentration after drug administration; AUC~0-t~, area under the concentration curve; t~½~, elimination half-life.

After accounting for the ciclosporin concentrations in blood, we established a numerically stable population PK model for ciclosporin in CSF. The final population PK model is a one-compartment model with first-order absorption and first-order elimination from the CSF compartment. The means of the individual predicted C~av,ss,CSF~ values were 2.50 and 3.54 ng/mL in the 5- and 10-mg/kg/day groups, respectively. After excluding the C~av,ss,CSF~ value for the patient with an outlying value, the mean steady-state concentration in the 10-mg/kg/day group was 4.74 ng/mL, which suggests a proportional dose to C~av,ss,CSF~ relationship in CSF. Mean AUC~0-t,CSF~ was 0.301 mg·h/L in the 5-mg/kg/day group and 0.431 mg·h/L in the 10-mg/kg/day group. Median (range) T~max~ was 8.02 h (0.883--121) in the 5-mg/kg/day group and 24.2 h (2.33--95.80) in the 10-mg/kg/day group. Values for t~½~, CL~CSF~, and C~max~ were similar for both dose groups. Overall mean values for all patients were 44.1 h for t~½~, 6.15 L/h for CL~CSF~ and 6.31 ng/mL for C~max~ ([Table 4](#T4){ref-type="table"}).

Cerebral microdialysis {#s011}
----------------------

Cerebral microdialysis was measured in all 10 patients in the 5-mg/kg/day group. In the 10-mg/kg/day group, only 3 of 6 patients had microdialysis measurements. The majority of patients had prolonged periods of elevated lactate/pyruvate ratios on one or both sides. There were potential signs of a positive shift in the lactate/pyruvate ratio related to the start or stop of study drug administration in some individuals ([Fig. 4](#f4){ref-type="fig"}). Two patients showed reductions (improvements) in lactate/pyruvate ratio after initiation of study treatment, and 4 patients showed a trend of increased lactate/pyruvate ratio after the termination of study treatment. At the group level, no differences between the low- and high-dose cohorts were observed. No conclusions could be drawn from comparing the more affected hemisphere with the less badly affected hemisphere.

![Brain microdialysate levels of lactate, pyruvate, and the lactate/pyruvate (L/P) ratio over time. Individual traces are shown for each patient for the predicted better (black marks) and worse (blue marks) hemisphere, as judged by the investigators. Dashed vertical lines indicate the start and stop of ciclosporin infusion. Lactate/pyruvate ratio values above 25 (horizontal dashed line) have been associated with worse outcome. For patient 4 in better hemisphere and patient 7 in worse hemisphere, probes were suspected to be incorrectly placed by CT imaging. CT, computed tomography.](fig-4){#f4}

Cerebrospinal fluid biomarkers {#s012}
------------------------------

The concentrations of GFAP--astroglia injury, NF-L--axonal injury, tau--axonal injury and neurodegeneration, and UCH-L1--neuronal cell body injury were increased compared to control samples at the analyzed time points in all TBI patients (data not shown). There were large individual variations in the absolute levels and kinetics of the biomarkers of brain injury, but all four showed consistent trends to decrease during the 5-day treatment period whereas the samples taken on the days after the treatment period ended showed higher values in the majority of patients ([Fig. 5](#f5){ref-type="fig"}). On an overall group level, the mean slopes for all four biomarkers were declining during the ciclosporin infusion period, but increased 24--48 h after end of treatment. These breaks in trends were statistically significant for all markers ([Table 5](#T5){ref-type="table"}).

![Temporal profile of brain injury biomarkers in CSF. Individual levels of glial fibrillary acidic protein (GFAP), neurofilament light (NF-L), ubiquitin carboxy-terminal hydrolase L1 (UCH-L1), and tau (ng/ml) are depicted. CSF samples were drawn at pre-dose, during the continuous ciclosporin infusion, and after treatment had ended at indicated time points from start of ciclosporin administration. Dashed vertical lines indicate the start and stop of infusion. CSF, cerebrospinal fluid.](fig-5){#f5}

###### 

Biomarker Statistics

  *Variable*   *Measure*   *Slope during infusion*   *Slope post-infusion*   p *value*
  ------------ ----------- ------------------------- ----------------------- -----------
  GFAP         Mean        −5.80                     5.84                     
               Median      −4.69                     0.55                    0.0061
  UCH-L1       Mean        −1.02                     1.73                     
               Median      −0.54                     0.13                    0.0017
  NF-L         Mean        −0.17                     0.27                     
               Median      −0.10                     0.04                    0.0171
  Tau          Mean        −0.05                     0.11                     
               Median      −0.001                    0.004                   0.0266

GFAP, glial fibrillary acidic protein; UCH-L1, ubiquitin carboxy-terminal hydrolase L1; NF-L, neurofilament light.

Discussion {#s013}
==========

This study indicates that ciclosporin administered continuously for 5 days, using a novel lipid emulsion formulation, is safe and well tolerated in severe TBI patients. Further, CSF concentrations confirm a dose-dependent brain exposure. All patients had detectable concentrations of ciclosporin in blood and CSF. The analyses suggest dose proportionality in both blood and CSF. No clear differences according to TBI phenotype were observed when patients with isolated diffuse injuries were compared to patients with focal injuries. Whereas between- and within-patient variability in blood ciclosporin concentrations was limited, CSF ciclosporin concentrations were more variable. Patients with relatively low random noise in the data appeared to have similar PK profiles in blood and CSF after the constant infusion was stopped. This is an indication of formation-rate--limited PK in CSF, meaning that the terminal half-life in CSF is determined by the half-life in blood. Our data are in line with previous PK data with ciclosporin in this patient population.^[@B20]^

The bilirubin increase in the 10-mg/kg/day NeuroSTAT dose group in our present study appears to be more pronounced than what has been reported from the previous studies using doses of other ciclosporin formulations of up to 5 mg/kg. Apart from the bilirubin increase, the overall safety profile of NeuroSTAT was found to be similar to that found in the two previous studies of ciclosporin in patients with TBI. The clearance in blood in the current study, 24.4 L/h, is in line with the reported values in the two other studies conducted with ciclosporin in TBI patients and higher than the reported clearance in healthy volunteers. In the phase I bioequivalence study referred to in the introduction, in which the PK of NeuroSTAT and Sandimmun^®^ (also Sandimmune^®^, an intravenous ciclosporin formulation marketed by Novartis Pharmaceuticals) administered as a 4-h infusion at a dose of 5 mg/kg was compared, clearance in blood was 17.3 and 15.5 L/h for NeuroSTAT and Sandimmun, respectively.^[@B24]^ The terminal half-life in the current study is substantial longer than what has been reported in the two TBI studies mentioned above. However, several differences between these studies make a direct comparison of these values difficult. The current study included more frequent sampling during the elimination phase, had a more sensitive bioanalytical assay for the CSF analyses, and used a more refined statistical method for analysis of the PK variables. Our study shows that the half-life of ciclosporin in blood is longer in patients with severe TBI patient than in healthy volunteers.^[@B24]^ Similarly to the current study, the dose-escalation study reported AUC and C~max~ values that appeared to be dose proportional in the studied dose range, with very good proportionality between the 1.25- and 2.5-mg/kg groups.^[@B23]^

Ciclosporin has been used extensively in transplant medicine for more than three decades. This mechanism of action is related to its inhibitory effect on calcineurin and not mPTP. The PK and safety profile is well described in this patient population. The oral loading doses for immunosuppression are in the range of 10--15 mg/kg bodyweight. The i.v. loading dose recommended is one third of the oral dose, or 3 to 5 mg/kg injected i.v. over 2--6 h. In clinical studies of ciclosporin used in conjunction with chemotherapeutic agents, cancer patients tolerated a 4- to 6-mg/kg i.v. loading dose over 2 h, followed by a continuous infusion at 10--18 mg/kg/day for 60--72 h.^[@B29],[@B30]^ TBI patients have so far safely received 2.5-mg/kg ciclosporin loading plus 5 mg/kg/day for 72-h infusion (mean blood concentration, 461 ng/mL).^[@B20]^ This study evaluated a longer duration of infusion compared to previous TBI studies, 5 days, for 5-mg/kg daily dose as well as 10 mg/kg/day, which resulted in dose-proportional, steady-state blood concentrations of 665 and 1320 ng/mL, respectively.

Ciclosporin is a substrate for cytochrome P450 (CYP) 3A4 and P-glycoprotein (P-gp). Drug interactions mainly occur when ciclosporin is coadministered with either inhibitors or inducers of CYP3A4 or P-gp. Severe TBI patients often require a number of pharmacological interventions. In the present study, 9 patients (of 10) in the 5-mg/kg/day group and 4 (of 6) in the 10-mg/kg/day group received erythromycin, and 1 patient in the 5-mg/kg/day group received fluconazole, both of which are known to be able to increase ciclosporine concentrations because of CYP3A4 and P-gp inhibition, respectively. Four patients in the 5-mg/kg/day group and 3 in the 10-mg/kg/day group received ciprofloxacin, and 3 patients in the 10-mg/kg/day group received vancomycin, both of which can potentiate renal dysfunction. These medications may have influenced the PK parameters and AE profile in the study.

Poor drug penetration into the brain has been emphasized as one reason why drugs with pre-clinical promise fail to translate into clinical efficacy in pivotal trials.^[@B31],[@B32]^ Blood--brain barrier (BBB) penetration of ciclosporin is dose dependent. At a sufficiently high blood concentration of ciclosporin, the P-gp transporter will be saturated and ciclosporin will thus inhibit the efflux of itself, and steady state with the brain can be reached.^[@B20],[@B33],[@B34]^ The biomechanical forces associated with TBI may alter the BBB, and the penetration of ciclosporin, through its effects on the microvasculature and possible microhemorrhages with subsequent BBB disruption. In this study, it was verified that ciclosporin is able to cross the BBB in the present patient population when administered according to the studied dosing regimens.

NeuroSTAT is a novel lipid emulsion of ciclosporin not containing the potentially harmful Kolliphor EL solubilizer (previously named Cremophor EL).^[@B24]^ The Sandimmun ciclosporin formulation contains Kolliphor EL as a carrier medium. Many drugs that previously contained Kolliphor EL in the formulation are now only available as lipid emulsions.^[@B35],[@B36]^ The novel lipid emulsion of ciclosporin has been shown to be safe in other patient populations and in a clinical phase I bioequivalence study where NeuroSTAT was compared to Sandimmun and was shown to cause fewer adverse reactions.^[@B24]^ Using the same novel lipid emulsion of ciclosporin as used in this study, it has previously been shown that a single 2.5-mg/kg rapid bolus, which achieved peak levels in excess of 6000 ng/mL (reached 1 min after infusion), did not produce any nephrotoxicity in a vulnerable patient population undergoing percutaneous coronary interventions in the context of acute coronary syndrome.^[@B25],[@B37]^ When the novel lipid emulsion of ciclosporin was infused before cardiopulmonary bypass surgery, a transient increase in creatinine and cystatin c was observed.^[@B26]^

Given that the primary objectives of the study were safety and PK, a prolonged time between trauma and administration of drug was allowed. For the exploratory efficacy measures, this study design constitutes a major limitation. In a pre-clinical study evaluating the therapeutic window in rodents, it was concluded that administration of drug within 8 h after trauma provides neuroprotection. Earlier treatment within the first 3 h was even more protective.^[@B38]^ The therapeutic window is a challenge that has to be taken into account when designing future clinical trials. A second major limitation is that the present study only included a small cohort, and TBI based solely on GCS is inherently a heterogeneous diagnosis, composing of various injury mechanisms and phenotypes. Patients in the higher dose group had a slightly higher mean GCS score at baseline than patients in the lower dose group, and this could have implications related to the outcome metrics of the two treatment groups. The requirement of a clinical indication for use of an EVD to allow for the CSF sampling for PK analyses may also have introduced a selection bias of the study population. A third limitation of the explorative efficacy data was the lack of a matching control group.

Regarding the explorative microdialysis analyses, lactate/pyruvate ratio, measured by microdialysis, is of special interest. Increased lactate/pyruvate ratio is a marker of metabolic dysfunction caused by, for example, mitochondrial dysfunction. Based on the observed pattern of lactate/pyruvate ratios, there is a tentative indication in some of the study patients that ciclosporin may have a positive effect on regional mitochondrial function in the present study population. At the group level, no differences between the low- and high-dose groups were observed.

The selected biomarkers measured in CSF, reflecting various aspects of neuronal, including axonal, and astroglial injury, have all shown promise as fluid-based biomarkers of brain injury.^[@B39]^ More specifically, NF-L levels in serum have been shown to be predictive of long-term clinical outcome, measured as GOSE at 12 months, after TBI.^[@B39]^ If ciclosporin attenuates brain injury, it is also reasonable to believe that the absolute levels and temporal profile of these biomarkers may be altered.

The temporal profile of the injury biomarkers in this study does not follow previously published data. For example, NF-L has been described to continuously rise in both serum and CSF for at least 10--12 days after severe TBI.^[@B39],[@B42]^ The decreasing levels observed in this study may indicate that the secondary brain injury can be attenuated by ciclosporin treatment for several days after the initial trauma. This is further supported by the significant breaks in trends noted after the end of treatment. This is not only an interesting signal of efficacy, but also substantiates the feasibility of using these biomarkers as outcome metrics in future proof-of-concept trials. These findings are intriguing, but need to be confirmed in a prospective, placebo-controlled setting.

In conclusion, ciclosporin administration to severe TBI patients is safe under careful monitoring of renal function. Further, ciclosporin is able to pass the BBB in this patient population with the studied dosing regimen. Therapeutic development for TBI is challenging, and there is a long history of failed trials. The safety and efficacy of NeuroSTAT (ciclosporin) needs to be further studied in TBI patients in double-blinded, randomized, placebo-controlled studies, and given the solid pre-clinical data indicating effect in TBI and the established safety profile, a larger phase IIb trial focusing on efficacy is warranted. This planned trial will make use of the development of standardized injury classifications and validation of novel endpoints that are being addressed by ongoing, large, multi-center studies, such as CENTER-TBI, TRACK-TBI and TBI Endpoints Development (TED).^[@B43]^
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